method combines a 3-phase unbalanced load flow and fault analysis program, a database search method and a pattern recognition technique, to identify a faulty section in a distribution network automatically. The details of the method are described as follows.
DESCRIPTION OF THE METHOD 2.1 Principle Of The Method
When a fault occurs in a distribution network, all nodes in a distribution network may experience voltage sags. In principle the nearer the fault to the source, the deeper the voltage sag. Based on this principle, the proposed method uses voltage sag magnitude and phase shift information for the development of an automatic fault section locator. A schematic of the proposed automatic fault section locator based on a database search and pattern recognition technique is shown in Fig. 1 voltage sag matching sections.
Three-Phase Unbalanced Load Flow And Fault Calculation [7]
A 11kV radial network as shown in Figure 2 consists of a 33kV equivalent network source, a 33/11kV transformer and a 11kV feeder with 21 nodes and three branches. Arrows indicate the network load. When a fault occurs on node j in the network, voltage sag at node i can be calculated by equation (1):
Where V i is the pre fault voltage at node i, and ∆V i,j is the voltage change on node i between the pre fault and during the fault on node j, which is expressed as:
where Z i, j is the line impedance between node i and j.
Referring to figure 2, for an example, it is assumed that a voltage sag is measured on node 2 (i.e. i = 2) and a fault occurs at node 8 (i.e. j = 8), an equation to calculate the voltage change, ∆V i,8 , on all nodes (i = 2, …,21) due to the fault on node 8 can be expressed by equation (3) [7] : 
Network impedance matrix Fault change current
Fault current I 8 on node 8 is calculated by:
where V 8 is the pre fault voltage on node 8 and Z 8,8 is the impedance between node 8 and the fault on node 8. Based on equation (1) and (2), the voltage sag at node 2 due to the fault at node 8 can be calculated as:
where Z 2,8 is the line impedance from node 2 to node 8, Z 8,8 is the fault impedance at node 8, and I 8 is the fault current into node 8.
Similarly using equation (1) and (2), the voltage sag magnitude and phase angle measured at node 2 to faults on all other nodes in the network can be calculated.
Establishment Of A Voltage Sags Database
For the distribution network in Fig. 2 , a Voltage Sags Database (VSD) was established by performing the 3-phase unbalanced load flow and fault analysis onto the network using equation (1), (2), (3) and (4) . There are three steps in building the VSD. (i) Calculate pre-fault voltage and phase angle on all nodes using the 3-phase unbalanced load flow analysis. (ii) Calculate voltage sag magnitude and phase angle experienced at node 2 (i.e. i = 2) due to faults on all nodes (i.e. j = 2,…,21) by using the 3-phase fault analysis. (iii) Repeat step (i) and step (ii), the voltage sag magnitude and phase shift at the substation node 2 due to faults on all nodes of the network are calculated.
DATABASE SEARCH AND FAULT SECTION DECISION ALGORITHMS 3.1 Database Search And Comparison Algorithm
Refer to 11kV network in Fig.2 , it is assumed that a fault occurs at the section 17-18 in branch 3, this will give a certain value of line impedance between the fault and the monitoring point at node 2. However there may be a section in branch 2 or in branch 1 may present the same line impedance value as the fault in section 17-18 in branch 3. In the studied network, there may be three possible voltage sags sections that match the measured voltage sag to the fault in branch 3. A Database Search and Comparison Algorithm (DSCA) was thus developed to select all possible voltage sags matching sections to the fault. The DSCA is described as: (i) RMS for the measured voltage sag is calculated by: 
Sag Pattern Recognition Algorithm
When the DSCA selects all possible voltage sag matching sections to a fault, a Sag Pattern Recognition Algorithm (SPRA) was used to identify the most likely faulty section from these possible voltage sag matching sections. For example, it is assumed that the DSCA selects 'n' possible voltage sag matching sections to a fault in the network. If ot is assumed that the l th ( = 1, .., n) voltage sag matching section from 'n' is between nodes 7-8 in branch 1 (see figure 2) , we apply the SPRA to the l th voltage sag matching section as follows:
Divide the l th voltage sag matching section into 'm' subsections.
(ii) Calculate a voltage magnitude and phase increment of 'm' subsections by equation (7):
where V 
EVALUATION AND TESTS
To verify the DSCA, three-phase faults (LLLF) for the network in figure 2 were simulated using PSCAD/EMTDC. The voltage sag waveform was measured at node 2. The measured voltage sag waveform was used as the input to the DSCA. Results in table 2 show that the DSCA selects only one possible voltage sag matching section (i.e. n = 1) to a fault in the section between nodes 3-4 or 4-5 or 5-6 or 20-21, two possible voltage sag matching sections (i.e. n=2) to a fault in the section between nodes 6-11 or 6-7 and three possible voltage sag matching sections (i.e. n=3) in the section between nodes 17-18 or 7-8 or 15-16 or 11-15 or 12-13 or 11-12 or 8-9 or 9-10 or 13-14 or 16-17. When n = 1, DSCA immediately identify the fault section. Hence the SPRA was only applied to the remaining 12 sections, where n = 2 or 3. Based on equation (7), the SPRA divides each voltage sag matching section into 25 subsections (i.e. m=25). Based on equation (8), (9) and (10), the SPRA selects the most likely fault section from 'n' possible voltage sag matching sections. Results are given in Table 2 . 
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16-17, 12-13, 8-9 8-9 C 9-10 12-13, 17-18, 9-10 9-10 C 13-14 19-20, 9-10, 13-14 13-14 C 16-17 16-17, 9-10, 12-13 16-17 C As seen from table 2, the SPRA is able to identify 10 fault sections from 12 remaining sections. Hence SPRA has achieved 83% (10/12) accuracy for identifying the fault section. From both table 1 and 2, results show that the DSCA is able to identify 4 fault sections out of 16 network sections, and the SPRA is able to identify 10 fault sections out of 12 sections. Hence the proposed method (i.e. the combination of DSCA and SPRA) is able to identify 14 fault sections out of 16 sections. The method has thus achieved an improvement performance over the traditional step by step trial and error procedure by 87.5% (i.e. 14 out of 16).
C C I I R R E E D D
To investigate the effect of different fault position in the selected voltage sag matching section, we plotted voltage sag magnitude against phase shift curves for 3-phase faults on the network nodes in branch 1, 2, and 3. Results are shown in figure 3. Where branch 1 is marked by triangle consisting of nodes 6 to 10, branch 2 by diamond consisting of node 6 and 11 to 14, and branch 3 by circle consisting of nodes 11 and 15 to 21. Figure 3 shows that branch 1, 2 and 3 have different voltage sag paths. But branch 3 has a distinguish voltage sag path which differs from branch 1 and 2, so that any fault in branch 3 can easily be identified. However, voltage sag paths between branch 1 and 2 are close to each other, any fault in branch 1 and 2 may affect on the algorithm. For example point A in figure 3 refers to a three-phase fault simulated in the section between nodes 6-7 in branch 1. It is located on both branch 1 and 2 voltage sag paths. This makes the SPRA difficulty to select which the section either between either nodes 6-7 or nodes 6-11 is the fault section. Since the DSCA only selected two possible voltage sag matching sections, the SPRA has 50% chance to select the correct fault section. In the test, the SPRA selected the most likely fault section between nodes 6-11, which is a wrong answer. Point B is situated on both branch 1 and branch 2 voltage sag paths. This affects on the SPRA algorithm, but the SPRA has 50% chance to select the correct section either between nodes 7-8 or between nodes 11-12. In the test, the SPRA selected the most likely fault section between nodes 7-8, which is a correct answer. Point C between nodes 15-16 is located in branch 3, the SPRA has no problem to identify the correct fault section. Point D between nodes 13-14 is located on branch 2. In the testing the algorithm selected the correct fault section. Point E between nodes 17-18 is located in branch 3. The SPRA has no problem to select the correct fault section.
Since the DSCA was used to select all possible voltage sag matching sections and the SPRA was used to identify which one was the most likely fault section. The results achieved by the proposed method had a significant improvement over traditional step-by-step trial and error fault section identification procedure. Although in the tests there are a few faulty sections that cannot be identified by the SPRA correctly, the DSCA can ensure that the correct fault section is limited within a few possible voltage sag matching sections. Further investigations were also extended to include the single line to ground fault (SLGF), double line to ground fault (DLGF) and double line fault (DLF). Results indicated that the proposed method can achieve a significant improvement performance over the traditional step by step trial and error procedure by at least 68% for all types of faults.
CONCLUSION
The paper presented a method to an automatic fault location on distribution network using voltage sags measurements. The database search method and pattern recognition technique were presented and discussed. The proposed method has been tested on a typical distribution network using EMTDC simulator.
The results presented in this paper show that the proposed method with a linear pattern recognition algorithm is able to identify most fault sections on the studied 11kV network. More advanced pattern recognition and reasoning techniques can be used to improve the proposed method performance.
